Abstract To maintain homeostasis in the adult skin, epithelial keratinocyte stem cells are thought to divide infrequently giving rise to short-lived (transit amplifying) cells that undergo a limited number of cell divisions and ultimately terminal differentiation. This model for the epidermal stem cell niche has increased in complexity by the multiple putative progenitor keratinocyte populations that have recently been identified in distinct regions of the interfollicular epidermis and hair follicle appendages. Under normal conditions, these progenitor populations are long-lived and able to sustain the cellular input to certain epidermal structures including the interfollicular epidermis and sebaceous gland. Other putative epithelial progenitors derived from the hair follicle possess high in vitro proliferative capacity and are able to regenerate skin, hair and sebaceous lineages in transplantation studies. These new findings present the cutaneous epithelium as a highly compartmentalized structure potentially maintained by multiple classes of progenitor cells. In this review, we will discuss the implications of these new putative epithelial progenitor populations and their potential to be influenced by external stimuli for skin homeostasis and carcinogenesis.
Introduction
Adult mammalian stem cells are distinguished by their high capacity for self-renewal as well as the ability to give rise to progeny that are committed to differentiation [1] , properties that are essential to ensure homeostasis in tissues exhibiting relatively high rates of cell turn over such as the skin epithelia, gastrointestinal tract and bone marrow. Research over the past few decades has significantly furthered our understanding of the tissue specific stem cell populations that contribute to the maintenance and repair of adult cutaneous epithelium. Along these lines, the epithelium of mammalian skin is known to contain permanently residing stem cells that are able to maintain multiple differentiated lineages including the interfollicular epidermis (IFE), hair follicle (HF) and sebaceous gland (SG) [2] .
Early studies identified skin epithelial stem cells as cells able to reconstitute epidermal foci following skin irradiation estimated to be around 10% of the basal cell pool [3, 4] . Putative epidermal stem cells, as measured by tritiated-thymidine label-retention to mark slow-cycling cells, constituted between 2-10% of the proliferative keratinocyte population [5, 6] . More recent studies estimate the frequency of epidermal stem cells in adult murine skin measured by transplantation experiments to comprise as little as 0.01% of the basal proliferative cell population [7] , a level comparable to the hematopoietic stem cell pool. By fluorescence activated cell sorting analysis, IFE stem cells were initially quantified on the basis of high surface levels of β1 containing integrins in the range of 10-30% of all basal cells in human skin [8] and in murine skin by high α6 integrin and low CD71 (transferrin receptor) surface levels to constitute 8% of the basal keratinocyte population [9] . Finally, the most well characterized population of adult keratinocyte stem cells residing in the bulge region of the HF [10] [11] [12] have been quantified in multiple genetic backgrounds based on their surface levels of α6 integrin and CD34 to comprise 7-9% of the basal cell population in adult murine skin [11] .
The variations in the reported frequencies of stem cells in the skin epithelium may be due in part to the differing techniques employed and regions of skin utilized for these analyses. Another plausible explanation for the discrepancies in stem cell quantity between these studies is that these previous analyses may not distinguish between the contributions of stem cells versus putative progenitor cell populations that may possess unipotent and limited selfrenewal capacities. The recent identification of multiple putative epithelial progenitor populations discussed in this review suggests that the landscape of adult skin epithelia is highly regionalized and maintained by multiple stem cell populations.
Cutaneous Epithelium as a Multiple Stem and Progenitor Cell Niche System
The capacity of skin epithelial stem cells has been validated based on the adapted criteria developed in the hematopoietic system including infrequent cell division, self-renewal, clonogenicity and multipotency [13] . However, multiple lineage studies in skin have shown spatially restricted contributions for most stem cell populations under homeostatic conditions indicating that, unlike the hematopoietic stem cell niche, the normal domain of a particular cutaneous epithelial stem cell and its progeny may be diminutive. Murine keratinocyte stem cells labeled by in situ gene transfer give rise to progeny in a spatiallyregulated distribution pattern localized to small regions of the IFE, SG or HFs [14] . The bulge stem cell reservoir was previously thought to maintain a large range of progenitor cell pools including the HF, SG and IFE [15] ; however, we now understand that the contributions of bulge stem cells are largely restricted to matrix progenitor cells committed to hair differentiation [14, 16] but not the SG [14, 17] or IFE [14, 16, 18] . Interestingly, bulge stem cells do contribute to the wounding response in the IFE although bulge-derived cells are not a stable fixture in the IFE after conditions of homeostasis are resumed [18] . These findings from lineage tracing studies coupled with the fact that any given stem cell population constitutes a small percentage of the total proliferative epithelial cell population argue that the skin is composed by multiple, regionalized epithelial stem niches that are responsible for maintaining distinct segments of the epidermis and hair follicles under normal conditions (Fig. 1) .
While there is evidence to suggest that most epithelial cell progenitors originate from a common stem cell population during embryonic development [19] , the aforementioned findings from lineage studies present mature cutaneous epithelium as a potentially complicated niche model that is maintained at least in part by an unknown number of progenitor cell populations. In support of this idea, recent studies have begun to shed light on the localization and behavior of epithelial progenitor populations in the IFE and HF. A population of unipotent progenitor cells residing within or adjacent to the SG of murine skin was identified by their expression of the transcription factor Blimp1, which appears to be necessary for homeostasis in the SG (Fig. 1 ) [17] . Interestingly, the Blimp1 + population does not appear to be maintained by stem cells in the HF bulge suggesting that a yet to be identified stem cell population exists within the SG [20] that maintains the Blimp1 + progenitor pool or that Blimp1 EYFP double transgenic mouse model and shown to be sufficient for the maintenance of the IFE under homeostatic conditions ( Fig. 1) [21] . These findings raise questions regarding the stem cell-transit amplifying cell hypothesis [22] and suggest that a similar scenario for progenitor cells may exist for certain HF compartments outside of the bulge region.
As with most tissues, the utilization of antibodies against surface proteins has facilitated the identification and isolation of distinct regions of epithelial cells within the IFE [8, 9] and HF [11, 23] . Bulge stem cells can be distinguished from the upper regions of the HF including the SG and IFE based on their unique co-expression of α6 integrin, a marker of all proliferative epidermal keratinocytes [24] , and the hematopoietic stem cell marker CD34 [11] . Recently, additional surface markers have been employed revealing phenotypically distinct regions of the murine HF. A distinct compartment of the HF residing below the infundibulum and above the bulge region was identified by the presence of the MTS24 surface marker (Fig. 1) [25] . The gene recognized by MTS24 has now been identified as Plet-1, which encodes a protein of unknown function and may be a marker of progenitor cells in multiple tissues [26] . Interestingly, MTS24 + HF cells purified by flow cytometry were highly clonogenic in vitro and exhibited a transcript profile similar to bulge stem cells suggesting that these cells may represent a progenitor cell population in the HF potentially derived from the bulge [25] .
Stem cell antigen-1 (Sca-1) is another cell surface protein that labels murine hematopoietic stem cells in addition to other adult stem cell populations [27] [28] [29] . Sca-1 has been reported to regulate self-renewal [30] and myeloid lineage commitment [31] in hematopoietic stem cells. Using antibodies to detect expression of Sca-1 in conjunction with α6 integrin and CD34 revealed a distinct region of cells residing within the upper isthmus (UI) of the HF just below the sebaceous gland duct, which could be distinguished from all other proliferative epidermal cells by their low α6 integrin surface levels and lack of Sca-1 and CD34 (Fig. 1) [32] . Purified UI cells were highly clonogenic in vitro and exhibited multipotent and selfrenewal capabilities in transplantation studies [32] . UI cells possess a unique transcript profile compared to cells derived from the bulge and IFE and are not quiescent collectively indicating that UI cells may represent a distinct HF progenitor population [32] . Interestingly, expression of Sca-1 in basal epidermal keratinocytes strongly correlated with cells committed to IFE differentiation suggesting that similar to the role of Sca-1 in hematopoietic lineage determination [31] , Sca-1 may also direct epidermal lineage fate skewing cells towards squamous differentiation [32] . The ability of purified Sca-1 + keratinocytes to reconstitute IFE but not HF and SG lineages in transplantation studies supports this idea [32] . However, these results do not discount the existence of self-maintaining progenitor cells within the IFE [21] , but rather indicate that IFE progenitor cells may have a diminished capacity for hair lineage commitment under certain conditions. Future studies conducting lineage mapping of the cellular progeny derived from MTS24 + and UI populations are necessary to substantiate whether these cells may or may not represent long-term progenitor populations. Collectively, these new findings raise the question as to whether certain classic stem cell traits are solely beholden to stem populations or whether changes in the tissue microenvironment can induce stem cell behavior in otherwise committed progenitor cell populations [33] . Changes in the microenvironment were postulated to influence epithelial cell plasticity based on the concept that cells committed to differentiation undergo a process of progressive loss of self-renewal capability in which the early stages of this process are reversible [33] . Experimental evidence supporting this idea was demonstrated in the conditional ability of early differentiating human keratinocytes to regenerate a stable stratified epidermis when supported by inductive dermal cells and supplemented with extracellular matrix proteins [34] . When highly-inductive dermal papilla cells were implanted into split footpad skin in contact with the basement membrane, cultured dermal papilla cells could induce HF morphogenesis and hair growth in adult epidermis [35] suggesting that signals derived from fully inductive dermal papilla cells can re-program most proliferative keratinocyte populations irrespective of their previous lineage commitment. However, IFE basal keratinocytes do not reconstitute HFs in the presence of a heterogeneous dermal fibroblast population, presumably with a collectively weaker inductive capacity compared to purified dermal papilla cells [32] ; whereas keratinocytes isolated from the bulge [12, 36] and upper isthmus (UI) [32] regions of the HF can reconstitute stable, intact pilosebaceous units when co-transplanted with heterogeneous dermal fibroblasts. Therefore, the proven ability of keratinocyte stem cells to regenerate multiple epidermal lineages outside of their normal niche suggests that certain keratinocyte stem cell plasticity traits are common throughout the entire epithelium but that committed progenitor and early differentiating keratinocytes also retain some plastic capacity in response to normally restrictive signals from the microenvironment.
Epidermal Plasticity and the Skin Microenvironment

Progenitor Cells and Skin Carcinogenesis
Historically, stem cells and their properties have long been associated with the neoplastic process in humans. The embryonic rest theory, proposed by Cohnheim in 1875, suggested that cancers were the result of proliferating embryonic stem cells that were maintained in the organs after development [37] . Several decades later cancer was classified as a disease of differentiation [38, 39] suggesting that tumors lacked the differentiated cells present in normal tissues whose purpose was to positively and negatively regulate the growth of undifferentiated stem cells. This idea was extended by Potter who developed the concept of blocked ontogeny stating that neoplasia resulted from the proliferation of stem cells yielding progenitor cells that had lost the ability to differentiate [40] . Potter's concepts embraced the complexity and phenotypic diversity of neoplastic lesions and illustrated how cancer was a disease of proliferation and differentiation, both of these processes we still struggle to understand today.
The inherent slow cycling rate-high growth potential and persistent nature of cutaneous epithelial stem cells indirectly implicate this population in carcinogenesis by serving as the target cell for mutation-inducing environmental assaults. Presumably, as the only long-term residents in the cutaneous epithelium, stem cells have the highest probability of acquiring the multiple genetic alterations required for tumorigenesis [41] as mutations acquired by committed cells would ultimately be lost through the normal process of differentiation [2] . Recently, more direct evidence supporting this concept has been demonstrated in the epidermis of skin by targeting genes that are known to be critical for the development or maintenance of epidermal keratinocyte stem cells. For example, augmented expression of either c-myc or a mutant Lef1 gene in the stem cell compartment leads to de novo tumor formation in the epidermis [42] [43] . Expression of the HMG-box-containing transcription factor Sox9 has been shown to be essential for the development of the HF bulge stem cell compartment [44] and activated Sox9 is constitutively maintained in the epithelial compartment of cutaneous neoplasms thought to be derived from the HF including basal cell carcinomas, trichoepitheliomas and trichilemmomas [45] . Cancer stem cells have recently been identified in cutaneous squamous cell carcinoma (SCC) that contain a bulge stem cell phenotype and are dependent on β-catenin signaling for tumor maintenance [46] . Similar findings have been observed in parallel studies in other tissues including the role of Wnt and Hedgehog signaling in regulating the stem cell niche and oncogenesis in the hematopoietic system [47] and the role for Bmi in brain development and the pathogenesis of medulloblastoma [48] . Overall, these studies highlight the impact of targeting genes unique for stem cell niche maintenance, particularly self-renewal, on tissue homeostasis and tumorigenesis and collectively indicate that genes unique to epidermal stem cells are potentially the most lucrative targets for cutaneous cancer treatment and prevention.
Despite the overwhelming amount of indirect evidence supporting the idea that stem cells are the target cells for cutaneous cancers such as SCC, the originating cell(s) for these lesions has yet to be identified. It is well established that changes in epidermal microenvironment can dramatically influence tumorigenic outcome in the skin [49, 50] purportedly by rendering conditions more or less conducive for the clonal expansion of mutant stem cells to found a tumor [2] . Even less understood is the potential role of committed epithelial progenitor cell populations in the neoplastic process. While most committed epithelial progenitor cells may exhibit unipotent behavior during homeostasis, the high clonogenic capacity of certain epithelial progenitor cells in vitro as well as their performance in transplantation assays suggests that under certain conditions progenitors can adopt stem cell characteristics. While these types of behavior may appear artificial due to the assay conditions and may not be representative of the activity of a particular epithelial progenitor cell during homeostasis, these types of assays are representative of changes in the cell microenvironment and, as such, may be suggestive of the potential of epithelial progenitors in response to acute or chronic perturbations in skin homeostasis. This raises the possibility that chronic changes in the skin microenvironment that stimulate tumor promotion may also invoke some degree of self-renewal capability in these early neoplastic cells both of which being important for the clonal expansion of mutant epithelial progenitor cells.
Conclusions
Recent studies indicate that although the skin is composed of a continuous epithelium it is highly compartmentalized by multiple phenotypically distinct progenitor cell populations. Whether certain classic stem cell traits such as multipotency and unlimited self-renewal are solely beholden to cutaneous stem cell populations or whether changes in the tissue microenvironment can induce stem cell behavior in otherwise committed unilineage epithelial progenitor or transit amplifying cell populations is an important question for cutaneous research. The clonogenic and multipotent capacity of putative epithelial progenitor cells in response to perturbations in the skin microenvironment may also have important implications for therapeutic strategies against epithelial tumors that strictly focus on eradicating neoplastic stem cells. Future lineage analysis of these populations will provide great insight into the role of these cells during homeostasis, wound regeneration and carcinogenesis.
